Abstract: This paper proposes a novel frequency-shifted interferometry (FSI) fiber cavity ring-down (CRD) gas sensing with dual-wavelength differential optical absorption that requires no modulation to a continuous-wave source or without fast detection and switching electronics. The fiber cavity is constructed from standard fiber optical components that include a micro-optical gas cell. FSI-CRD experiments are carried out with two wavelengths at 1531.770 and 1532.000 nm. The technique is successfully carried out by measuring acetylene-nitrogen mixtures with acetylene concentrations varying from 0% to 1.0%. A resolution of 7.8125%/dB is obtained. A minimum detectable acetylene concentration of 105.25 ppm was achieved with a 48-mm gas cell. The results show a good linear relationship between acetylene concentration and absorption loss and are in good agreement with existing theories. Dual-wavelength differential optical absorption can enhance measurement precision efficiently and eliminate the influence of various external factors. The relative deviation of measured concentration is less than AE0.29%, measured at 1.0% acetylene concentration over 70 min.
Introduction
Since its first introduction by Anderson et al. in 1984 [1] , conventional cavity ring-down spectroscopy (CRDS) techniques have been established as powerful tools for detecting weak optical signal absorption [2] , [3] . The ring-down cavity is formed by two plane-concave mirrors with high reflectivity [4] . In 1994, Meijer et al. [5] first introduced the concept of using short cavities to improve the spectral resolution of CRDS. Jongma et al. [6] were the first to demonstrate trace-gas detection of mercury and ammonia in the air using CRD. Van Zee et al. [7] revealed the effects of multimode excitation and mode beating on system performance and improved light transmission through the cavity to increase the signal-to-noise ratio of the decay wave form on the detector. The reflection of mirrors and collimation of precision mechanism are crucial to CRD schemes.
In the 21st century, fiber cavity ring-down (FCRD) techniques [8] , [9] that not only had the same advantages as CRD, but also offered its own strong points were proposed by Stewart et al. The FCRD technique, wherein a fiber loop replaces the high-reflectivity mirror resonant cavity, has been implemented in pressure [10] , [11] , refractive index sensor [9] , [12] , chemical synthesis [13] , [14] , and gas sensing [8] , [15] . Numerous optical modulation techniques have been proposed to enhance the optical fiber sensor sensitivities of CRD schemes [15] , [16] . Among these techniques, several experiments have introduced Erbium Doped Optical Fiber Amplifier (EDFA) in the fiber loop cavity to increase the number of peaks in the 1/e ring-down time. These amplifier methods resulted in the degradation of the inherent loss in cavity. In a recent paper, Zhao et al. [17] combined FCRD and dual-wavelength differential absorption method for gas detection. Compared with the traditional method that employed only one wavelength, the dualwavelength method can efficiently eliminate the influence of the cavity loss variety as well as the photoelectric device drift in the system. Despite these successes, however, an optical pulse is still required in the ring-down cavity for an observable ring-down event, that is, an expensive pulsed source and fast detection electronics are still necessary.
Qian et al. [18] proposed and demonstrated the use of continuous-wave (CW) light as a source in frequency-shifted interferometry cavity ring-down (FSI-CRD) technique and as a replacement for the expensive pulsed light. The principle of FSI-CRD differs completely from that of conventional FCRD. In FSI-CRD, frequency modulation produces an interference signal acquired at a sampling rate 100 kSs À1 . Fourier transform (FT) resolves successive peaks corresponding to the growing number of round trips that the light goes through in the fiber loop. The exponential ring-down signal in the spatial domain yields a reliable measurement of the combined ring-down cavity and fiber loop loss without fast detection or switching electronics. A previous study has successfully applied the FSI-CRD in the measurement of chemical solution [19] without the need for an optical pulse or fast electronics. A minimum detectable 1-octyne concentration of 0.29% was achieved in decane. In many gas sensing applications, the inherent loss is assumed to be a constant at 0% target gas, which is always expressed by pure nitrogen, and hence, the gas absorption loss measured at different concentrations of target gas can be obtained by deducting this constant with pure nitrogen [20] . Constant loss is inevitably and constantly influenced by external factors such as draw, temperature, pressure, and so on. This fact is particularly true for FSI-CRD techniques where the interference signal is closely related to polarization plates [18] . Thus, measuring the inherent loss as a reference in real time would be an advantage for gas sensing based on FSI-CRD. Differential optical absorption method is an efficient means of increasing the signal-to-noise ratio of the measurement [16] , [21] .
In this paper, we successfully combined no pulse spatial-domain CW FSI-CRD and dualwavelength differential absorption method for gas sensing. CW light improved the detection of the ring-down wave form because of the high stability of the wavelength. The system does not require fast detection or switching electronics to receive the pulse train [22] . The sampling rate of the data acquisition card in our measurement was 100 kSs-1. We used a wavelength that served as absorption reference for the cavity. The cavity reference mechanism enhanced measurement precision, and reduced the stability requirements on temperature and polarization state drift. A balanced photodetector was employed to attain photoelectric conversion and eliminate the DC signals. As will be shown below, such a dual-wavelength absorption structure will improve the precision of the gas detection, and has excellent performance in terms of both sensitivity and stability.
Principle
The experimental setup of the proposed dual-wavelength FSI-CRD fiber loop for the gas measurement is shown in Fig. 1 , among which, FSI-CRD theory has been demonstrated in [18] . The ring-down cavity (RDC) is formed by two standard 2 Â 1 high-ratio (99.5/0.5) optical fiber couplers, a long segment of fiber, and a gas cell. The CW light with a frequency is coupled into the system via port 1 of the circulator and then forms two counter-propagating beams in path l 1 and l 5 after coupler C 1 . One beam in path l 5 acquires a frequency shift þf induced by the frequency shifter, arrives C 3 at a frequency þ f . Then the beam circles in the RDC in counterclockwise directions. After the light completes every one of round trip in the RDC, one small fraction of the light will be coupled out by the 0.5% arm of C 2 , and then arrives at C 1 , such that the majority of the CW light remains inside the RDC and continues to circle around the ringdown fiber loop. At the same time, the other beam in path l 1 will circle in the RDC in clockwise directions. One small fraction of the light is coupled out by the 0.5% arm of C 3 , acquire a frequency shift þf while it passes through frequency shifter. The two small fractions of light with the same frequencies þ f will interfere at C 1 after making the same number of round trips in the cavity, as shown in the dashed box of Fig. 1 . Therefore, the configuration in the dashed box of Fig. 1 is essentially an amalgamation of frequency-shifted fiber Sagnac loops with different sizes [18] . The differential interference intensity ÁI between the two output ports of the Sagnac interferometer is shown as follows [18] :
where m ðm ¼ 0; 1; 2; . . .Þ is the round trip number in the cavity, n is the effective mode index of the fiber, c is the speed of light, f is the frequency shifted amount induced by the frequency shifter, i.e., the acousto-optic modulator (AOM), and l i ði ¼ 1; 2; 3; 4; 5Þ are the fiber lengths defined in Fig. 1 . I m is the interfering light intensity after m round trips in the cavity and each cosine component corresponds to the interference of the light that has traveled through the fiber cavity for round trips. ÁI [shown in (1) ] is a cosine function of f that oscillates at a frequency F m ¼ nðmd þ lÞ=c, whereas F m is related to both cavity length d ¼ l 2 þ l 3 and the asymmetry of two arms of the interferometer:
FT of ÁI is conducted to determine I m . A series of I m [18] , [23] decay temporally because of the total existing attenuation in the fiber loop symbolized as A that is composed of the fiber scattering attenuation, cavity transmission attenuation, insertion loss of components in CRD, and gas absorption attenuation. The intensity of the light after m round trips is where I 0 is the input intensity coupled into the cavity. L ¼ md is the distance CW light has traveled in the cavity loop, and hence
We define a 1/e characteristic CRD distance while the detected intensity attenuated to the 1/e of the initial light intensity, which is analogous to CRD time in conventional CRD techniques.
Once the decay constant, also called the 1/e ring-down distance, L ¼ d =A becomes known, the fiber-loop cavity loss in decibels can evaluate from the relationship of L and d in the following:
When there are two laser beams with different wavelength, the measuring method is dual-wavelength differential absorption and the cavity loss cav includes two portions which are the inherent cavity loss inher and the absorption loss absorp ðÞ, respectively, as follows:
cav ðÞ ¼ inher ðÞ þ absorp ðÞ ðdBÞ
where inherent loss inher ðÞ includes splice loss, fiber absorption loss in the cavity, insertion loss of C 2 and C 3 , round-trip scattering loss of the empty cavity, and round-trip transmission loss. absorp ðÞ refers to target gas absorption loss. In general, inherent loss is considered to be a constant; however, some external factors (temperature, pressure, vibration, etc.) inevitably bring certain loss into the cavity, and even the polarization drift which is very harmful to the generation of the spatial-domain ring-down signal [18] , [23] . Two linear polarization controllers (three paddles) are also used to maintain a preferable interference phenomenon. Therefore, eliminating the influence of these disturbances is necessary in order to improve the precision of measurement. If we alternately use two wavelengths, 1 and 2 , in the CRD, where wavelength 1 locates in an absorption line of the target gas and wavelength 2 as the reference wavelength is not covered with the target gas absorption line, the cavity loss cav ð 1 Þ will include the absorption loss of the target gas. The absorption loss absorp ð 2 Þ is equal to zero, indicating that cavity loss cav ð 2 Þ is equal to the inherent loss from (5). Inherent losses inher ð 1 Þ and inher ð 2 Þ will be changed equally because of external effects in the short time. Thus, the difference between cav ð 1 Þ and cav ð 2 Þ is equal to the target gas absorption loss at wavelength 1 as follows:
The difference of cavity losses can be described in gas concentration C by using BeerLambert's law
where " represents the gas absorption coefficient expressed in decibels by multiplying it with 10lge and ' is the length of the gas cell. Once gas is calculated, the gas concentration can be evaluated from (7).
Experiment and Results
The experimental system is shown in Fig. 1 [24] . Two linear polarization controllers (three paddles) are used to maintain a preferable interference phenomenon. The system works at normal room temperature.
The cavity consists of a fiber loop with a 48 mm open path micro-optical gas cell constructed using GRIN lenses [25] manufactured by Xi'an Towing Communication Technology Co. Ltd, China. The insertion loss of the gas cell is about 0.38 dB. All acetylene-nitrogen mixtures in our experiment were filled into the gas cell at standard atmospheric pressure and were provided by a certified standard gas sample company (Tonghe Gas Co. Ltd, China). A typical interference signal ÁI at the detector (as shown in Fig. 2 ) was averaged five times and stored for further processing in the computer. Digital signal processing is then applied (FT, peak extraction of ringdown pulses, and exponential fitting to the data as described above) to obtain the 1/e ring-down distance and the corresponding attenuation of the loop. The ring-down measurement at pure nitrogen is shown in Fig. 3 (Signal 1) after the interference signal was operated by FT with a transform size of 2 20 . Fig. 3 clearly shows that I m undergoes an exponential decay as the round trip number m increases. The cavity length was read as 43.1 m. By fitting the first 30 peaks of amplitude with an exponential function, we get the 1/e ring-down distance. In the experiments, the correlation coefficient R 2 of the exponential fitting are larger than 0.998. The 1/e ring-down distance with pure nitrogen is 370.7029 m at wavelength 1 and 371.8768 m at wavelength 2 . The calculated cavity losses in the loop are 0.5046 dB and 0.5030 dB according to (4) , respectively, with a relative deviation of 0.31%. Both wavelengths 1 and 2 (1531.770 nm and 1532. 000 nm) are far from the absorption line of nitrogen. Thus, the cavity losses measured have equal inherent loss of CRD. The difference between 0.5046 dB and 0.5030 dB arises from the minimal difference in the insertion loss of the components (couplers, AOM, gas cell) at different wavelengths and because of the system error. Fig. 4 shows that an obvious difference in the fitting amplitude number of the peaks with the distance can be observed when the gas cell was filled with 1.5% acetylene concentration. All peaks of the train at wavelength 1 are lower than that at wavelength 2 , because of the absorption of light at wavelength 1531.770 nm, whereas no absorption at wavelength 2 . From the information given in Fig. 4 , the 1/e ring-down distance at wavelength 1 is 269.5939 m and at wavelength 2 is 371.0552 m, which proves that the reference wavelength we selected is proper. According to (4), the calculated cavity losses are 0.6938 dB and 0.5041 dB, respectively. Hence, the absorption loss of the 1.5% acetylene concentration at wavelength 1531.770 nm is about 0.1897 dB.
We measured the acetylene-nitrogen mixtures with acetylene concentration from 0% to 1.0%. The ring-down signals from experiment system are a series of exponential decay curves as shown in Fig. 5 . Each decay curve is obtained according to the method shown in Fig. 3 and yields a value of cavity loss. A decrease in 1/e ring-down distance from 370.9245 m to 299.7918 m is observed as the absorption attenuation in the fiber loop is increased at wavelength 1 . Measured cavity losses at absorption wavelength 1 and reference wavelength 2 are plotted in Fig. 6 . The real-time inherent loss inher is equal to the cavity loss at wavelength 2 . Hence, the differential absorption loss, which is obtained based on the data in Fig. 6 and plotted in Fig. 7 , is a function of the acetylene concentration. The R 2 in Fig. 7 is larger than that in Fig. 7 than that shown in Fig. 6 . The inset in Fig. 7 shows that y ¼ 0:1280x À 0:00039 and absorption loss is 0.1280 dB when 1% acetylene concentration is measured using the FSI-CRD system. The constant 0.00039 indicates an approximately 30.5 ppm measurement error. Hence, we can obtain (8) , which shows that the relationship between absorption loss and acetylene concentration is 7.8125%/dB. The results are in good agreement with Beer-Lambert's law and the latest database of HITRAN12 [26] , which showed both the strength of the material for a monochromatic light absorption and its concentration have a linear relationship [17] whose slopes are closely related to the measurement system. The calculated minimum detectable [27] acetylene concentration is 105.25 ppm in our experimental system
The polarization dependence of the FSI-CRD system [28] will result in a proper polarization state that will produce a smooth decay curve that can represent a more accurate cavity loss. The dependability of the system is tested by recording the data of 0.2% acetylene concentration once every 30 s while causing a slight change in the polarization state of the setup. We also record the cavity loss at wavelengths 1 and 2 on LabVIEW 16 times, and then process these data. Fig. 8 shows cavity loss ð 1 Þ, which has approximately synchronous changes with the cavity loss ð 2 Þ that can be attributed to the polarization drift. As shown in Fig. 8 , the standard deviations of the cavity loss were 0.012833 at wavelength 1 and 0.012767 at wavelength 2 . The two standard deviations were greater than that 0.002298 of the absorption loss. This result indicates that differential absorption loss has a smaller discrete degree than ð 1 Þ and ð 2 Þ. Hence, this differential absorption loss indicates good dependability and that the dual-wavelength differential optical absorption method can enhance the precision of the system. We test the stability of the system under the same conditions by repeating data on the 1.0% acetylene concentration once every 30 s. We obtain Fig. 9 by recording the ring-down single data point of the curve on the computer over a 70-minute period, and then calculated the gas concentration according to (8) . The relative deviation of the concentration over this period is less than AE0.29% while the 1.0% acetylene concentration was measured, indicating that the deviation is less than 29 ppm. This relative deviation is also accordance with the calculated relative deviation in Fig. 3 . Our experimental system maintains good performance in terms of stability and dependability. 
Conclusion
We propose a novel approach for dual-wavelength absorption gas sensing based on FSI-CRD and demonstrate its performance via experiment. Compared with conventional CRD techniques, the source of our system is CW laser, which does not require any modulation, fast detection or switching electronics. The digital acquisition of the optical interference signal is optimized through low-speed detection, resulting in a lower rate of acquisition. The dual-wavelength differential absorption method improved measurement precision. Acetylene concentrations from 0% to 1.0% were measured. The results indicate a good linear relationship between acetylene concentration and absorption loss and are in good agreement with current theories. The stability and dependability of our experiment was demonstrated. The relative deviation of the concentration over 70 min is less than AE0.29% with 1.0% acetylene concentration. If one selects proper wavelengths within gas spectral coverage referring to the latest database of HITRAN12 [26] , the system is compatible with other cavity sensors and can detect various dangerous gases, such as methane, carbon monoxide, ammonia, and hydrogen sulfide.
